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SUMMARY 


This  study  lias  demonstrated  that  the  concept  of  magnetic  signature  duplication 
appears  feasihle  and  that  it  offers  an  effective  step  toward  countering  the  threat  of 
target-activated  munitions.  Through  careful  design  of  magnetic  field  parameters  lor  a 
device  or  method  to  he  used,  a  valid  target  signature  can  he  artificially  created  and  con¬ 
trolled  in  order  to  neutralize  a  mine  sensor. 


It  has  been  shown  that  magnetic  sensors  can  he  classified  into  two  basic  groups: 
(a)  those  sensitive  to  flux-rate  changes,  and  (h)  those  measuring  total  flux  change, 
f  rom  these,  a  multitude  of  configurations  and  sensing  methods  have  been  developed 
which  offer  direct  applicability  to  target  sensing  requirements.  Despite  the  availability 
of  many  sensor  and  attendant  signal-processing  techniques,  el  leclive  signature  duplica¬ 
tion  countermeasuring  of  these  techniques  appears  possible. 


A  primary  aspect  of  this  study  co».  erned  the  magnetic  signatures  generated  by 
combat  vehicles.  It  was  found  that  the  use  of  ferromagnetic  materials  in  vehicles  con¬ 
tributes  toward  producing  a  dipolar  magnetic  field  around  a  vehicle.  1  his  permanent 
field  plus  the  field  induced  by  vehicular  motion  through  the  geomagnetic  field  com¬ 
prise  the  total  magnetic  signature  of  a  vehicle.  The  actual  spatial  and  time  distribution 
of  a  signature  is  a  complex  phenomenon  due  to  the  many  variables,  such  as  vehicular 
mass.  size,  and  geomagnetic  field  inhomogeneity,  which  produce  the  signature. 


To  facilitate  data  comprehension,  a  simple  magnetic '-dipole  model  for  a  vehicle 
was  proposed.  I'lic  model  assumed  that  at  some  distance  away  Irom  a  lerromagnetic 
mass  tin*  signature  resembled  that  ol  a  dipole.  I  lie  dipole  axis  generally  coincided  with 
that  of  the  vehicle.  Subsequent  lest  data  was  in  general  agreement  with  the  approxi¬ 
mation  and  gave  further  support  to  the  concept  that  magnetic  signature  duplication 
could  be  achieved  bv  using  methods  which  generated  dipoles. 


A  countermeasures  analysis  demonstrated  that  magnetic  sensors  arc  constrained 
by  technical  practicalities  to  operational  envelopes  making  them  vulnerable  to  counter¬ 
measures.  This  situation  arises  due  to  upper  and  lower  signal-threshold  requirements. 
»cusor  bandwidth,  mine  size  limitations,  and  available  electric  power  for  the  sensor: 
and  other  considerations  which  serve  to  limit  the  operating  options  available  in  sensors. 
Th<  sc  limitations  help  to  quantify  and  define  a  number  of  possible  solutions  toward 
countermeasures.  It  was  finally  concluded  that  methods  using  electromagnetic  coils 
appear  to  provide  the  necessary  requirements  and  versatility  needed  to  generate  an  ac¬ 
ceptable  signal  for  magnetic  countermeasures. 
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MAGNETIC  SIGNATURE  CHARACTERISTICS  INVESTIGATION 


I.  INTRODUCTION 

l.  Scope.  Mine  neutralization  !>y  attack  of  the  target-sensing  element  of  em¬ 
placed  mines  may  be  achieved  by  projection  of  a  false  target  signature  (signature  dupli¬ 
cation)  to  effect  premature  mine  actuation,  target-signature  suppression  to  inhibit  mine 
actuation,  or  physical  attack  of  the  sensor  components  to  make  the  device  inoperative. 

I  he  ellort  reported  herein  was  directed  toward  the  achievement  of  mine  neutralization 
by  target-signature  duplication.  Specifically,  significant  aspects  associated  with  the  def¬ 
inition  of  effective  countermeasures  for  combat  vehicles  against  magnetically  activated 
lan'd  mines  arc  addressed. 


2.  Principle  of  Operation.  Sensible  target  signatures  available  for  practical  land 
mine  sensors  are  limited.  The  greater  number  of  land  mines  comprising  the  current  and 
projected  threat  employ  contact  or  overpressure/duration  mine  sensors.  Magnetically- 
activated  sensors  have  been  developed  to  provide  effective  influence  fuzing  for  land 
mines  designed  to  attack  combat  vehicles.  The  operational  principle  of  these  sensors 
rests  on  the  fact  that  a  vehicle  containing  considerable  ferromagnetic  material  will  pro¬ 
duce  a  localized  perturbation  in  the  geomagnetic  field  near  the  target.  This  magnetic 
anomaly  is  a  complex  phenomenon  and  is  a  function  of  such  quantities  as  the  target 
vehicle’s  size,  mass,  orientation  in  the  geomagnetic  field,  and  geographic  location. 

3.  Signature  Duplication.  The  general  amplitude  and  shape  of  a  target  signature 
can  l»c  predicted,  within  limits,  to  provide  a  basis  for  mine-sensor  design.  Mines  employ¬ 
ing  these  sensors  could  be  effectively  neutralized  by  a  device  or  technique  which  pro¬ 
jects  a  false  target  signature  in  the  vicinity  of  the  mine. 

A  magnetic  signature  duplication  device  could  be  mounted  on  a  combat  vehi¬ 
cle  and  operated  in  such  a  manner  as  to  project  a  false  target  signature  in  front  of  the 
vehicle  to  provide  continuous  neutralization  of  encountered  mines  employing  magnetic 
sensors.  Such  a  device  could  also  be  incorporated  into  other  countermine  equipment 
to  provide  such  devices  with  an  increased  capability.  Still  another  potential  application 
of  the  magnetic-signaturc-duplication  techniques  includes  aerial  sweeping  of  suspected 
mined  routes. 


Successful  magnetic  signature  duplication  requires  thorough  understanding 
of  the  physical  processes  producing  magnetic  signatures  in  vehicles  and  the  operation 
of  mine  magnetic  sensors.  The  investigation  described  by  this  report  addresses  these 
requirements  and  also  includes  an  analysis  of  the  methods  and  design  of  potential 
countermeasures. 
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11.  SENSORS 


•I.  Sensor  Types.  A  magnetic  sensor  is  a  device  which  detects  or  senses  the  pres¬ 
ence  ol  a  magnetic  field  at  some  location.  The  sensor  may  be  designed  to  be  actuated 
bv  the  amplitude  ol  the  lield  or  its  time  rate  ot  change.  The  most  widely  used  and  most 
versatile  sensors  are  magnetometers  using  search  coils,  fluxgate,  Hall  effects,  and  reson¬ 
ance  el lects.  Thin  film,  magneto-resistance,  and  superconducting  magnetometers  arc 
usually  either  specially  built  or  adapted  by  the  user  to  meet  a  particular  magnetic-field 
measuring  problem. 


It  is  possible  to  divide  the  above  groups  of  sensors  into  two  basic  categories 
according  to  their  detection  methods.  The  first  category  includes  sensors  that  detect 
eithor  the  time  rate  of  flux  change  or  the  total  flux  or  some  magnetic  field  component 
of  the  total.  An  induction  coil  magnetometer  (search  coil)  is  in  the  first  category.  This 
is  a  fluxmeter  whose  output  is  a  function  of  flux-rate  changes  occurring  through  the 
windings  of  the  coil.  The  second  category  includes  magnetic-field-componcnt  sensors 
which  sense  flux  changes  also  but  which  do  not  require  sensor  movement  or  flux  change 
of  the  field  for  measurement  or  detection.  Using  this  categorization,  a  brief  summary 
of  how  the  two  basic  sensor  types  operate,  their  potential  use,  and  currently  available 
sensitivities  is  provided  in  the  following  discussion. 

5.  Search-Coil  Magnetometer.  The  search-coil  magnetometer  (Fig.  1)  operates  on 
an  induction  principle.  The  output  voltage  of  the  search  coil  is  given  by  Faraday’s  law, 

K  =  If)’8  N  l(d/dt)  (B)  (A)], 

where  E  is  the  voltage  induced  in  a  coil  of  wire  by  a  changing  magnetic  flux  (B).  The  sen¬ 
sitivity  can  be  controlled  by  varying  N,  the  number  of  turns  in  the  coil,  and  A,  the  area 
of  the  coil.  For  periodic  magnetic  fields,  i.c.,  those  varying  in  some  repetitive  manner,  the 
coil  sensitivity  increases  with  the  field  frequency  until  coil  resonance  effects  limit  further 
increases.  Various  search  coils  (both  air  and  iron  core)  have  been  built  to  cover  wide  fre¬ 
quency  and  sensitivity  ranges.  Utilization  of  an  iron  core  tends  to  concentrate  the  mag¬ 
netic  flux  and  thereby  increase  sensitivity.  Sensitivity  here  means  the  ability  of  a  coil  to 
sense  small  variations  in  the  mag;:  ''  H",'l,  thereby  either  sensing  a  small  vehicle  at  close 
range  or  a  large  vehicle  at  a  great  range.  The  coil  sensitivity  range  is  from  10’9to  10'7 
oersted. 
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Tig.  I.  Hrprcwnlulivr  xrnreh-roil  schematic. 
•> 


A  fundamental  problem  with  sensors  employing  these  methods  is  that  their 
usefulness  is  limited  to  a.c.  field  measurements  in  the  low  frequency  range,  such  as  that 
generated  by  moving  vehicles.  This  means  that  the  sensor  output  is  a  direct  function  of 
vehicle  velocity  unless  additional  signal  integrating  and  processing  electronics  is  added 
to  a  particular  sensing  system.  As  an  example,  the  sensor  would  have  zero  output,  thus 
indicating  no  vehicle  present,  were  it  to  stop  within  sensor  range.  Alternatively,  a  time- 
varying  magnetic  field  due  to  natural  sources  such  as  lightning  or  man-made  sources 
such  as  powerlines  could  cause  a  sensor  output. 

The  other  basic  type  of  sensor  measures  the  magnetic  field  itself.  From  the 
many  variations  available,  three  appear  to  be  ol  significant  countermine  interest  because 
of  their  use  in  existing  systems  and  their  future  potential  in  sensor  applications.  They 
are  the  fluxgate,  Hall-effect,  and  thin-film  magnetometers. 

6.  Fluxgate  Magnetometer.  A  fluxgate  magnetometer  is  a  device  for  measuring 
magnetic  fields  by  utilizing  the  nonlinear  magnetic  characteristics  of  ferromagnetic  core 
material  in  its  sensing  element.  Figure  2  shows  a  typical  representation  and  schematic 
of  a  fluxgate  magnetometer.  The  device  shown  is  known  as  a  parallel-gated  fluxgate 
sensor  because  the  signal  field  Hs  is  parallel  to  the  driving  or  excitation  field.  It  is  a  di¬ 
rectional  device,  measuring  the  component  of  the  field  parallel  to  the  axis  of  the  sensing 
coil.  This  magnetometer  is  and  has  been  attractive  to  many  civilian  and  military  appli 
cations  because  of  its  reliability,  relative  simplicity,  low  power,  and  ruggedness. 
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Fig.  2.  Fluxgate  magnetometer  schematic. 

There  are  several  modes  of  operation  for  fluxgate  sensors  based  on  variations 
in  sensor  configuration,  driving  source,  and  detection  method.  In  a  general  sense,  the 
ferromagnetic  core  of  the  sensor  is  driven  cyclically  to  saturation  by  means  of  a  period¬ 
ic  current  in  the  drive  windings.  In  the  absence  of  a  signal  field  (usually  d.c.  or  very 


low  frequency  a.c.  from  a  vehicle),  the  voltage  induced  in  the  .sense  winding  is  symmet¬ 
rical  with  the  driving  current.  In  the  presence  of  a  signal  field,  the  sense-winding  voltage 
becomes  asymmetrical.  For  example,  in  the  schematic  shown  in  Fig.  2,  in  the  absence 
of  a  signal,  flux  changes  in  the  two  cores  are  identical,  and  the  induced  voltage  is  zero 
because  of  the  opposed  orientation  of  the  excitation.  When  this  balanced  condition  is 
altered  by  the  vehicle’s  signal,  flux  charges  in  the  cores  are  not  identical  and  a  voltage 
is  induced  in  the  output  windings.  This  change  is  very  sensitive  to  the  signal  field  and 
is  detected  for  signal  processing.  Typical  sensitivities  are  in  the  gamma  to  oersted  range 
(1  gamma  is  10"5  oersted)  with  a  frequency  bandpass  of  0  to  10  Hz. 

For  applications  such  as  vehicle  sensing  at  relatively  close  range,  high  sensitiv¬ 
ity  and  absolute  accuracy  are  not  required.  Construction  simplicity,  low  cost,  low 
power  consumption,  and  small  size  requirements  are  met  at  the  price  of  degradation  in 
performance.  Often  the  signature  signal  is  processed  with  simple  circuitry'  variously 
called  “peak”  or  “peak  difference”  detectors,  in  the  specific  case  of  magnetometers 
for  use  in  land  mines,  low  cost,  low  power  consumption,  and  small  size  are  critical  de¬ 
sign  factors.  An  example  of  a  sensor  having  many  of  these  necessary  capabilities  is  a 
simple  ring-core  fluxgate  magnetometer  Such  a  unit  uses  a  toroidally  wound  core.  A 
transistor  oscillator  usually  supplies  the.  necessary  excitation  current. 


7.  Hall-Effect  Devices.  One  of  the  most  versatile  genre  of  available  magnetome¬ 
ters  is  based  on  the  Hall  effect.  The  basic  effect  occurs  when  an  electrical  current  flows 
through  a  conductor  placed  in  a  transverse  magnetic  field.  An  emf  is  generated  in  a  di¬ 
rection  normal  to  both  the  current  and  field  directions.  This  emf  is  proportional  to  the 
transverse  magnetic  field,  the  control  current,  and  the  cosine  of  the  angle  between  them 
as  follows: 

Eh  =  K  IB  cos  6, 


where  EH  is  the  Hall-effect  emf,  K  is  a  constant  dependent  on  conductor  material,  I  is 
the  current,  B  is  the  vehicle’s  magnetic  field,  and  9  is  the  angle  between  I  and  B. 
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Fig.  .1.  (li-wral  schematic  of  Hall-cffccl  sensor. 
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Figure  3  shows  a  schematic  presentation  of  a  copper  strip  in  which  a  current 
I  is  set  up  in  the  direction  of  the  arrow.  The  magnetic  signal  field  is  considered  to  he  at 
right  angles  to  the  plane  of  the  strip,  ill  this  ease  perpendicular  to  the  plane  of  the  paper. 
This  field  exerts  a  deflecting  force  F  on  th  strip  (given  by  Lenz’s  Law)  pointing  to  the 
right  in  flit  figure.  Since  this  sideways  force  on  the  strip  is  due  to  the  tideways  forces 
on  the  charge  carriers,  it  follows  that  the  carriers  will  tend  to  drift  toward  the  right  as 
they  drift  along  the  strip,  producing  a  transverse  Hall  potential  difference  K,( ,  such  as 
itetween  points  x  and  y.  This  voltage  is  directly  proportional  to  the  sign...  field  in  fre¬ 
quency  and  magnitude.  The  sensors  based  on  the  Hall  effect  arc  mainly  limited  by  two 
factors:  deviations  from  linearity,  and  temperature  dependenc". 

8.  Plated -Wire  Magnetometer.  The  most  promising  sensor  using  thin  films  is  the 

plated-wire  magnetometer.  The  device  utilizes  the  anisotropic  characteristics  of  thin 
magnetic  films  to  detect  magnetic  fields.  The  basic  configuration  of  this  magnetometer 
is  shown  in  Fig.  4.  The  signal  field  is  being  applied  along  the  “hard”  axis  of  magnetiza¬ 
tion,  while  the  excitation  field  is  varied  across  the  “easy”  axis.  A  representative  voltage 
output  is  shown  at  the  bottom  of  the  figure. 
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Fig.  4.  Fluted -win'  magnetometer:  opera  lion/ principle. 

The  plated-wire  magnetometer  is  fabricated  by  depositing  a  magnetic  film  on 
a  wire  substrate  while  direct  current  is  passing  through  the  wire.  The  film  thereby  is 
magnetized  circumferentially  around  the  wire.  This  direction  of  magnetization  is  called 
the  easy  axis,  while  the  axis  perpendicular  to  the  magnetization  (wire  axis)  is  called  the 
hard  axis.  A  locally  produced  a.e,  magnetic  field  across  the  deposited  film  produces  an 
emf  in  the  win*  due  to  the  rate  of  change  in  magnetization  circumferentially  around  the 
wire.  In  the  presence  of  a  vchicula-  signal  field  w  hich  is  applied  along  the  hard  axis,  a 
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voltage,  which  varies  in  magnitude  with  the  signature  rate  (Fig.  4/.  is  develop*  d  in  the 
magnetometer.  This  modulated  signel  is  then  prneessed  for  further  use.  These  film 
magnetometers  are  most  useful  in  the  .10-  to  20 oersted  range. 

The  ehoiee  of  a  partieular  magnetometer  appears  to  depend  almost  exclusive- 
Iv  on  a  partieular  requirement  or  system  application.  Constraints  arising  from  mine 
hardware  requirements  may  dictate  low  power  and  small  size.  Also,  as  previously  men¬ 
tioned  in  discussing  the  fluxgatc  magnetometer,  performance  degradation  with  respect 
to  sensitivity  may  lie  acceptable  or  even  desirable  for  certain  applications.  In  this  sense 
then,  all  of  the  sensor  types  discussed  could  Ik1  considered  as  having  real  and  valid  utililv 
in  a  system  requiring  the  sensing  of  vehicular  sigiiaturi  s. 

The  next  section  will  address  how  and  why  these  magnetic  signatures  origi¬ 
nate  in  ferromagnetic  objects  such  as  combat  vehicles. 


III.  SIGNATURES 

9.  Signature  Types.  The  signature  of  a  vehicle  is  any  combination  of  physical 
disturbances  caused  by  the  presence  or  motion  of  a  vehicle.  These  disturbances  can  be 
magnetic,  electric,  seismic,  acoustic,  or  mechanical  in  nature.  Different  types  of  trans¬ 
ducers  t  an  Is-  used  to  detect  and  record  the  various  types  of  disturbances.  These  re¬ 
cordings  can  be  analyzed  to  evaluate  differences  and  similarities  among  numerous  types 
of  vehicles  producing  their  own  unique  signature. 

One  primary  concern  of  this  study  is  the  magnetic  signature  peculiar  to  dif¬ 
ferent  vehicles.  The  use  of  ferromagnetic  materials  in  vehicles  gives  rise  to  a  dipolar 
magnetic  field  at  points  in  space  outside  the  vehicle.  The  distribution  and  density  of 
ferromagnetic  materials  throughout  a  vehicle  determine  the  spatial  distribution  of  the 
magnetic  flux  as  well  as  its  time  rate  of  change  as  the  vehicle  moves.  The  latter  effect 
determines  the  vehicle's  dynamic  magnetic  signature. 

10.  Geomagnetic  Field.  One  of  the  major  external  influences  on  the  intrinsic 
magnetic  signature  of  a  vehicle  is  the  Earth’s  magnetic  field.  It  is  the  interaction  of  a 
vehicle’s  own  field  with  the  geomagnetic  field  which  actually  produces  the  external 
magnetic  signature  of  a  vehicle. 

The  permanent,  or  main,  field  is  that  portion  of  the  geomagnetic  field  origi¬ 
nating  inside  the  Earth.  This  field  is  roughly  equivalent  to  a  center  dipole  which  is  in¬ 
clined  slightly  to  the  Earth’s  axis  of  rotation.  The  magnitude  of  the  field  strength  at 
the  surface  is  approximately  0.6  oeisted  in  the  northern  regions  and  decreases  to  about 
0.3  oersted  in  the  equatorial  areas.  There  are  other  natural  and  manmade  magnetic 
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sources.  However,  due  to  their  small  magnitude  and  high  frequency,  they  can  he  safe¬ 
ly  ignored  here.  Power  lines  are  a  good  example  of  a  small-magnitude,  high-frequency 
type  of  disturbance.  Figure  5>  presents  the  different  components  of  the  Earth’s  field 
and  their  associated  angles.  The  magnetic  induction  at  a  point  in  space  is  the  vector  F; 
the  scalar  F  describes  the  intensity  of  the  total  field.  The  Cartesian  components  of  the 
Held  are  x,  y,  and  z.  The  vertical  field  intensity  is  Z  and  is  positive  in  the  downward 
direction.  The  scalar  intensity  of  lire  horizontal  component  of  the  field  is  designated 
II.  Tlie  deviati  on  I)  is  the  angle  between  north  (x)  and  II.  It  is  measured  clockwise 
from  north.  The  inclination  (or  dip)  1  is  the  angle  between  H  and  F  and  is  positive 
when  directed  downward  from  II  to  F.  As  an  example,  the  vertical  intensity  of  the 
Earth's  magnetic  field  varies  from  about  0.4  to  0.6  oersted  in  moving  from  south  to 
north  in  the  Northern  Hemisphere. 
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I)  Magnetic  declination 
I  Inclination  (or  dip) 

It  Horizontal  intensity 
X  North  component 


Y  Kasl  component 
Z  Vertical  intensity 
K  Total  intensity 


Fig.  5.  Geomagnetic  field  vectors. 

A  portion  of  a  vehicle’s  signature  is  the  interaction  lietween  its  own  magnet¬ 
ic,  dipole  moment  and  the  geomagnetic  field.  The  resultant  field  is  simply  the  distor¬ 
tion,  or  vector  sum.  of  the  geomagnetic  and  vehicle  field  intensities.  Therefore,  the 
resultant  vertical  and  horizontal  components  are  both  a  function  of  the  vehicle’s  geo¬ 
graphic  location  and  the  orientation  of  its  magnetic-moment  axis  with  the  geomagnetic 
field 
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11.  Local  Disturbance  of  Field.  The  actual  amplitude  of  the  magnetic  signature 
is  a  iunetion  of  the  quantity  of  ferromagnetic  material  present  in  the  object.  Different  - 
sized  ohjeets  at  different  ranges  may  present  similar  magnetic  signatures  to  a  sensor. 
Vehicular  signatures  may  vary  by  an  order  of  magnitude  at  the  sann  range  when  com¬ 
pared  to  each  other.  For  example,  an  armored  vehicle,  due  to  its  large  ferromagnetic 
mass,  would  present  a  larger  magnitude  signature  than  a  Jeep.  (Icnerally,  the  total  mag¬ 
netic  field  measures  four  times  that  of  tin-  local  undisturbed  geomagnetic  field.  The 
magnitude  of  the  signature  decreases  as  the  cube  of  the  distance  from  the  object,  the 
exact  expression  Iteing  given  by  the  equation. 


where  is  the  magnetic  permeability  of  the  space  surrounding  the  magnetic  dipole  m 
and  r  is  the  distance  from  the  center  of  the  dipole.  In  this  particular  expression,  the 
field  is  given  along  the  axis  of  the  dipole. 

Figure  (>  is  a  typical  contour  map  of  the  vertical,  magnetic  components  of  an 
armored  vehicle.  The  particular  measurements  were  taken  witl,  the  vehicle  heading  due 
magnetic  north.  The  vertical-field  component  is  the  most  informative  of  the  three  direc 
tional  components  for  target  sensor  parameters  and  is  most  frequently  utilized  in  mag¬ 
netic  sensors  for  mines. 

An  examination  of  Fig.  (>  reveals  several  interesting  features  regarding  the  sig¬ 
nature  of  this  vehicle  in  particular  and  signatures  in  general.  The  vehicle  contains  sev¬ 
eral  areas  of  high,  magnetic  intensity  arising  from  local,  magnetic  anomalies.  These 
areas  are  not  directly  related  to  a  particular  physical  feature:  rather,  they  appear  to  hr 
a  function  of  construction  methods.  It  will  lie  noted  that  llir  contour  distribution  is 
asymmetric  with  respect  to  both  the  lateral  and  longitudinal  axes  of  the  vehicle.  It  can 
Is*  shown  that  this  total  line  distribution  appears  to  shift  over  the  general  area  of  a  ve¬ 
hicle  (in  the  figure,  the  flux  lines  are  slightly  forward)  as  the  orientation  of  the  vehicle 
is  changed  from  a  north  to  south  heading. 

Figure  6  shows  the  overall  magnetic  intensity  of  a  vehicle  al  a  relatively  close 
range.  Since  this  amplitude  decreases  by  the  cube  of  the  distance  from  the  vehicle,  the 
signature  magnitude  is  rapidly  reduced  and  loses  its  detailed  aspect  quickly.  At  some 
distance  from  the  vehicle,  the  magnetic  disturbance  resembles  that  of  a  simple  magnetic 
dipole  or  sinusoidal  shape. 

12.  Vertical  Field  Component.  Another  significant  aspect  in  analyzing  a  magnet¬ 
ic  signature  is  the  vertical  amplitude  versus  the  longitudinal  (long-axis)  distance  at,  or 
near,  a  vehicle.  As  previously  stated,  the  vertical-signature  component  is  most  often 
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utilized  arid  is  easily  measured  by  a  sensor.  A  sample  signature  appears  in  Fig.  7.  It 
shows  the  vertical  amplitude  variation  along  the  centerline  of  a  vehicle.  Of  interest 
here  is  variation  of  amplitude  as  the  vehicle  passes  over  a  sensor.  There  is  a  pronounced 
rise  in  amplitude  above  the  local  ambient  field,  a  reversal  of  the  field,  and  then  another 
peak  followed  by  a  return  to  approximately  the  previous  ambient  conditions.  This  sig¬ 
nature  was  taken  in  the  d.e.  mode.  If  tiie  amplitude  were  measured  farther  out  on  a  ve¬ 
hicle,  low-frequency  effects  from  road  wheels  and  other  slow  moving  parts  would  also 
bo  observed.  In  addition  there  are  high-frequency,  or  a.c.,  components  due  to  rapidly 
moving  mechanical  components  such  as  engine  parts.  Electrical  and  electronic  equip¬ 
ment  provide  an  additional  contribution.  The  high-frequency  components,  while  signif¬ 
icant  in  vehicle  detection  and  classification  work,  provide  little  additional  information 
to  conventional  signature  studies  and  are  therefore  not  considered  further. 


Fig.  7.  Typical  vi'hirular-magiii'tic-signuturc  vertical  component. 

Another  feature  of  interest  is  that  the  slope  of  the  amplitude  variation  is 
altered  by  vehicle  velocity.  While  velocity  is  not  specified  in  Fig.  7,  the  slope  would 
increase  or  decrease  as  the  vehicle  velocity  changed  in  either  direction. 


IV.  MAGNETIC  MODKb  ANALYSIS 

13.  Dipole  Moment,  Magnetic  effects  in  materials  have  their  origin  in  the  atomic 
structure  of  the  atoms  constituting  the  material.  The  circulation  of  charge  and  electron 
spin  within  the  atom  gives  rise  to  magnetic  dipoles.  Their  strength  and  direction  are 
measured  in  terms  of  the  magnetic  dipole  moment  nt.  Ferromagnetic  materials  such  as 
iron  arid  nickel  arc  composed  of  atoms  having  large  moments.  The  moment  of  a  sample 
of  material  is  determined  by  the  alignment  of  atomic  dipoles  within  the  sample.  The 
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atomic  and  crystal  structure  of  tin1  material  determines  the  net  dipole  moment  in  the 
absence  of  an  external  magnetizing  field. 

* 

The  magnetization  M  of  a  material  is  defined  as  the  vector  sum  of  all  atomic 
dipole  moments  per  unit  volume.  Consequently,  the  total  dipole  moinen'  results  from 
multiplying  the  magnetization  by  the  volume  V  of  an  object  and  thus, 

m  -MV. 


The  moment  is  also  equal  to 

m  -  M  A  L  =  m  L  . 

r 

♦  * 

where  the  quantity  MA  is  defined  as  the  pole  strength  m,,  of  a  har  of  the  material  hav¬ 
ing  a  cross-sectional  area  A,  atid  l.  is  the  hur  length. 

A  dipole  produces  a  magnetic  field  which  depends  upon  the  distance  and 
orientation  with  respect  to  the  dipole.  The  magnetic  field  is  difficult  to  define  close  to 
the  dipole,  hut  for  distances  greater  than  about  three  times  the  dipole  length,  the  equa¬ 
tions  for  the  field  reduce  to  a  simple  form.  The  important  feature  of  these' equations  is 
that  the  flux  density  H  due  to  the*  dipole  is  inversely  proportional  to  the  cube  of  the 
distance  r  from  the  dipole.  The  equation  for  this  can  he  expressed  as 

H  - 

r 

where  K  depends  on  she  orientation  of  the  dipole  and  the  units  used. 

14.  Vehicle  Model.  A  theoretical  and  idealized  model  can  he  composed  to  do- 
scribe  the  magnetic  signature  of  a  vehicle.  Assume  that  the  sum  of  the  dipole  moments 
for  the  vehicle  can  he  represented  by  a  large,  single  dipole  for  the  entire  vehicle  and  that 
this  dipole  follows  the  above  equation  for  distances  greater  Ilian  three  times  its  length. 
Other  sources  of  dipole  moments  exist  in  vehicles  and  include  the  induced  moments 
due  to  the  geomagnetic  field  and  current  loops  in  electrical  equipment.  These  sources 
contribute  to  the  vehicle  signature  but  serve  only  to  modulate  the  predominant  features 
peculiar  to  a  single,  large  dipole. 

The  model  is  represented  pielorially  in  Tig.  tt.  The  vehicle  is  represented  as  a 
single,  large  dipole  with  an  effective  length  Ct,ff  when  viewed  from  u^iistanec  greater 
than  M.  This  effective  length  and  the  model’s  total  magnetization  M  are  determined  by 
the  vector  sum  of  the  distributed  dipole  strengths  in  the  vehicle.  There  is  no  simple  re¬ 
lation  between  the  effective  dipole  length  and  the  vehicle  dimensions,  rinr  can  the  net 
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fig.  It.  I >i|M>|<‘  lidii. 


magnetization  In'  predicted  along  any  preferred  spatial  axis  within  tin-  vehicle.  It  will 
lie  assumed  tor  simplicity  that  tin1  dipole  center  <1  (Fig.  8)  eoiaeides  with  the  center  of 
mass  of  the  vehicle.  The  dipole  axis  subtends  an  angle  0  relal  ve  to  the  position  of  an 
arbitrarily  placed  sensor  at  a  distance  r  3*  Additionally,  the  sensor  is  higher  by  a 

vertical  distance  /.  above  a  surface-implanted  sensor.  The  total  flux  density  and  its  com¬ 
ponent  strengths  {using  cylindrical  coordinates)  may  he  represented  by 

-► 

B  -  (I  +  Bros2  0)>/2. 
r 

-> 

It o  '■  0- 

•¥ 

+  *\\ 

l  i  -  ~  cos  0. 

i  r> 

witere  if,  B^,  and  ltr  are  defined  by  big.  8.  The  cipiatious  are  each  an  approximation  to 
an  infinite  series  hut  arc  reasonably  valid  for  r  >  .{V!. 

Using  these1  expressions,  it  is  possible  to  predict  the  signature  of  a  vehicle  at 
large  distances.  The  maximum  magnitude  occurs  along  the  dipole  axis  when  0  ()\  An 

interesting  feature  of  all  Hie  magnetic  field  components  is  their  trigonometric  depend¬ 
ence,  with  that  of  !5r  and  B^  being  most  obvious.  For  example,  let  the  sensor  he  located 
at  some  arbitrary  angle  0  off  to  either  side  of  a  vehicle  as  the  dipole  moves  past  it  at 
some  velocity.  Considering  the  Bg  component,  the  sensor  would  experience  a  sinusoidal 
increase  in  total  flux  ampMudc  with  the  maximum  occurring  at  0  :  d(l°  and  then  a  sub¬ 
sequent  decrease  until  at  0  **  I  HO0  it  would  decrease  to  a  very  small  value. 
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Thr  second  factor  will  hr  the  r-dependcncc.  Again.  considering  lil<'  sensor  to 
1m-  stationary  and  tlir  vehicle  hi  motion,  we  have  a  situation  where  r  will  have  some  ini¬ 
tial  large  value  when  0  is  small  and  then  decrease  to  a  minimum  at  the  point  or  closest 
approach:  then  r  will  increase  again  as  the  vehicle  moves  past  the  sensor.  If  the  disiane. 
fuetor  is  considered  to  give  some  absolute  flux  amplitude,  the  sinusoidal  aspect  could 
lie  interpreted  as  a  modulating  component.  The  vehicle  signature  for  a  side  pass  could 
he  represented  by  Fig.  ft  where  at  some  time  T<(  the  amplitude  1 rises  above  the  de¬ 
tector  threshold,  reaches  a  peak  at  rm;tl )»  a,|<l  then  decreases  below  threshold  at 
lirneT. 
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Fig.  9.  Flux-component  waveform. 

Inspection  of  the  equation  for  B  shows  that  it  will  be  at  some  maximum 
value  for  small  values  of  0  and  then  decrease  to  zero  at  0  =  90“ ;  then  it  will  be  increas¬ 
ing  again  toward  another  maximum  as  the  vehicle  moves  past  the  sensor.  If  this  were 
plotted  versus  time,  an  identical  picture  as  the  one  for  the  previous  argument  results, 
the  only  difference  being  that  the  curve  is  now  inverted.  This  would  not  make  any  dif¬ 
ference  to  a  sensor  because  it  would  not  distinguish  between  the  polarity  of  a  signal- 
just  amplitude  variations. 

The  total  flux  density  B  shows  basically  the  same  variation  as  its  components. 
Inspection  of  the  expression  as  0  goes  from  0°  to  180°  reveals  that  B  has  two  relative 

muximmns  at  0  ~  0°  and  0  180°  where  the  B  valncs  are  approximately  — .  The 

inimmtini  occurs  when  the  vehicle  is  directly  abreast  of  the  sensor  and  has  an  amplitude 
of  .  This  shows  then  that  the  maximum  is  twice  the  minimum  for  the  total  flux  den¬ 
sity.  Any  sensor  measuring  total  flux  would  thus  also  experience  a  sinusoidal  variation 
in  detector  output  with  a  2  to  I  amplitude  difference  between  the  minimum  and 
maximum. 
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Another  useful  aspect  of  the  analysis  is  to  consider  the  gradient  of  the  com¬ 
ponents  and  the  total  flux  density.  If  again  one  considers  B  (angular  component),  Br 
(radial  component),  and  B  (total  flux  density),  partial  differentiation  with  respect  to  r 
and  6  yields  the  following  expressions  for  the  components: 

3 By  _  -Sn:  sin0  -  Uly 

3r  r4  r 

3Br  -6rn  cos0  -31^ 

3r  r4  r 


The  dipole-field  gradient  for  the  total  flux  density  is  given  by: 


and 


3? 

3r 


(i  +  3ccs?3)  , 


3B  _  -6m  siitff  cost? 
3  6  r3 


The  interesting  aspect  of  these  expressions  is  that  they  clearly  show  how  the 
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previously  analyzed  features  originate.  The  components,  as  well  as  the  expression  - — , 

have  a  basic  inverse-r  dependence  in  addition  to  their  regular  dipole  expressions  when 

3B 

the  extreme  right  term  in  each  equation  is  considered.  The  expression  for  —  demon- 
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strate,s  that  the  flux-density  gradient  is  zero  from  three  0-values  of  0°,  90°,  180°,  and 
some  maximum  value(s)  in  between.  This  corresponds  to  what  was  shown  previously, 
namely,  that  the  signature  follows  a  sinusoidal  pattern  with  a  maximum  (zero  gradient) 
at  one  point  during  the  side  passage. 


15.  On-Axis  Detection.  Previous  sections  have  dealt  with  the  off-axis,  or  side- 
pass,  situations.  This  section  will  consider  the  on-axis  case.  This  is  interpreted  as  con¬ 
sidering  the  flux  density  when  the  vehicle  moves  directly  toward  and  over  the  sensor. 
The  vehicle  and  dipole  axes  (Fig.  8)  are  considered  lying  along  the  same  line.  The  di 
pole  equations  introduced  previously  are  still  valid;  however,  the  situalion  must  now  be 
considered  in  the  three-dimensional  sense.  This  means  that  the  model  and  vehicle  have 
three  dimensions,  and  the  vehicle  is  actually  at  sonic  distance  off  the  ground  plane— the 
dipole  also  heing  situated  at  some  corresponding  distance  above  the  surface.  The  situa¬ 
lion  can  he  interpreted  as  corresponding  to  Fig.  10. 
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velocity 


dipole 


Tig.  t().  Thron'tiful  dipole  orientation. 

The  dipole  is  situated  (diagram  (a))  ;it  a  distance  /  above  the  surface  and  is 
moving  forward  with  velocity  v.  Point  I*  is  at  a  distance  r  from  the  center  of  the  dipole. 
As  the  vehicle  now  moves  toward  P.  the  geometrical  situation  is  shown  in  diagram  (h) 
for  one  distance  interval,  and  it  can  he  seen  that: 

dr  ^  ~  ^  i  ..  vl_ 

0v  r  r 

Utilizing  the  foregoing  equations  for  the  dipole,  it  is  obvious  that,  for  r  §>  I . 

+  2 

H  will  initially  have  a  ^^-expression  which  then  changes  according  to  the  gradient  term 

for  15.  The  interesting  and  important  feature  here  is  that  while  the  cosine  term  tends  to 
decrease  field  strength  15.  the  r  term  increases  15  since  the  distance  to  (In'  sensor  is  de¬ 
creasing  constantly  as  the  vehicle  moves  toward  it.  However,  the  slope  of  the  amplitude 
(starting  at  zero)  will  increase  to  some  maximum  value  as  the  dipole  moves  closer  ami 
then  (as  y  ■*  o)  reach  zero  at  the  point  of  closest  approach  (7,  --  r).  Also,  according  to 

the  expression  for  the  slope  will  he  a  function  of  the  velocity  of  the  vehicle.  Accord¬ 
ing  to  tl»e  above,  the  dipole  curve  should  give  an  appearance  as  depicted  in  Tig.  I  !. 

The  maximum  amplitude  occurs  at  the  point  of  closest  approach,  and  the 
vector  nature  of  15  and  in  serves  to  force  the  curve  negative  since,  after  the  dipole  center 
is  passed,  the  vectors  will  Ik-  oppositely  directed.  An  implicit  assumption  for  the  dipole 
analysis  has  Iren  that,  at  the  point  of  closest  approach  to  l\  z  >  dt.  Tor  distances  closer 
than  dC,  the  cube  relationship  is  no  longer  totally  valid. 
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D  istance  (ft) 

Kig.  I  I.  Dipolo  signature  <‘haraeteristie.  (H  vs  R). 


16.  Practical  Example.  As  previously  staled,  one  of  the  problems  in  relating  the 
model  concept  to  actual  vehicles  arises  due  to  the  inhomogeneity  of  the  vehicle's  mass 
and  the  existence  of  several  dipoles  in  one  vehicle  (turret,  engine,  etc  ).  However,  one 
should  look  for  the  dipole  equations  to  he  generally  valid  and  for  the  other  terms  to 
take  over  at  close  distances.  Figure  12  is  a  representative  signature  of  a  ferromagnetic 
vehicle  and  shows  the  basic  features  discussed  in  the  above  model  analysis. 


0  (closest  point  c  ‘  approach) 
Distance  (ft) 


Fig.  12.  Vertical  component  of  vehicular  signature. 


The  horizontal  scale  of  the  figure  has  hern  divided  into  arbitrary  distance 
units  to  facilitate  discussion.  The  amplitude  shown  represents  the  vertical  component 
of  the  total  flux  density  (If).  Ihita  analysis  was  done  on  this  and  other  signatures  and 
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Kig,  13.  Vertical  amplitude  <>f  sipiaturc. 


It  should  be  pointed  out  that  the  vehicular  and  magnetic  centers  do  not  necessarily 
coincide,  nor  is  there  always  a  direct  correlation  between  the  magnetic  field  from  the 
vehicle  and  a  structural  feature.  This  results  from  the  complex  interaction  of  all  the 
dipole  sources  on  a  ferromagnetic  object.  The  graph  actually  shows  Ar3  versus  r,  there¬ 
by  giving  a  straight  line  if  the  law  is  applicable.  This  line  provides  a  means  by  which  the 
slope  can  be  measured.  The  scatter  of  data  indicates  that  other  than  r'3  influences  are 
present  and  are  serving  to  modulate  the  signature.  The  breakpoint  appears  to  be  where 
the  first  major  deviation  occurs  and  other  dipole  influences  serve  to  make  the  slope 
positive. 


One  of  the  real  difficulties  encountered  in  all  the  analyses  is  the  placement  of 
dipole  centers  or  deciding  from  which  point  on  the  curve  the  magnitude  of  the  flux  de¬ 
pendence  on  distance  should  he  calculated.  In  the  case  of  one  simple  dipole,  Ihe  field 
would  have  the  general  form  shown  in  Fig.  1 1.  Actual  data  appear  to  indicate  that  mul¬ 
tiple  dipoles  exist  within  vehicles  and  that  these  dipoles  interact  in  a  complex  and  vec¬ 
torial  manner  to  produce  the  resultant  field.  One  interpretation  of  the  large  flux  build¬ 
up  with  its  attendant  “bumps”  is  that  the  various  dipoles  in  the  vchiele  first  give  an 
overall  additive  effect;  then,  as  the  sensor  finally  passes  under  one  or  several  dipoles, 
the  field  drops  slightly  and  then  increases  again  as  other  dipoles  begin  to  interact.  When 
a  large  number  of  tbe  dipoles  have  been  passed,  the  field  then  shows  a  general  and  final 
return  to  an  ambient  level. 

The  departure  from  the  model  t  an  thus  be  interpreted  as  arising  from  other 
than  r'3  influences  and  the  fact  that  various  unspecified  vehicle  components  are  assumed 
to  contain  their  own  effective  dipoles.  The  total  signature  of  the  vehicle,  then,  appears 
to  be  a  function  of  the  composite  vector  field  of  all  dipoles  present  (some  being  time- 
dependent  in  orientation  and  magnitude)  and  of  the  r*  functions,  some  of  which  have 
been  identified  as  having  r'1  and  r'2  dependence  according  to  existing  data. 


V.  COUNTERMEASURES  ANALYSIS 

17.  General  Considerations.  Most  magnetic  signatures,  especially  vehicular  mag¬ 
netic  signatures,  are  complex  phenomena  arising  from  the  induced  and  inherent  dipole 
of  an  object.  It  is  difficult,  if  not  impossible,  to  exactly  and  totally  duplicate  the  signa¬ 
ture  of  a  particular  vehicle.  Within  a  specific  class  of  vehicles,  e.g.,  armored  vehicles, 
there  exists  a  large  variance  in  signature  from  one  vehicle  to  another.  The  sensor  that 
activates  a  munition  must  accept  a  range  of  possible  signatures.  Additionally,  current 
fuze  design  uses  only  one  spatial  component  of  a  signature— the  vertical.  The  attractive¬ 
ness  of  using  the  vertical  component  lies  in  its  ability  to  provide  information  regardir  g 
a  vehicle’s  location  relative  to  the  sensor.  Also,  a  single,  spatial-component  sensor  re¬ 
quires  minimum  processing  electronics  for  firing  a  warhead.  It  is  realistic  to  assume. 
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however,  that  future  sensors  may  use  two-  or  three-dimensional  sensing  techniques. 

Any  eounlerrneasures  using  magnetic  signature  duplication,  irrespective  of 
method  or  form,  must  produce  a  magnetic  field  comparable  to  a  particular  vehicle  or 
series  of  vehicle  types  being  defensed.  This  requires  that  countermeasures  produce  the 
general  equivalent  dipole  of  vehicles  upon  which  the  sensors  are  targeted.  Consideration 
of  countermeasures  necessarily  involves  simultaneous  discussions  of  sensors  and  signal 
processing  techniques. 


Despite  the  multitude  of  detection  methods  available,  one  cm  consider  that 
the  following  features  of  a  magnetic  signature  will  he  common  to  all  signatures.  The;*' 
are  signal  amplitude,  threshold,  slope,  and  the  bandpass  of  the  system. 

The  amplitude  is  the  absolute  value  of  the  magnetic  field  or  flux  density  pro¬ 
duced  by  the  vehicle  itself  plus  that  induced  by  virtue,  of  the  geomagnetic  field. 

The  threshold  is  the  signal  amplitude  below  or  above  which  a  sensor  should 
reject  information.  This  is  required  so  that  magnetic  noise  from  sources  other  than 
valid  targets  does  not  actuate  a  firing  sequence. 

The  bandpass  of  a  system  is  the  total  time  given  for  obtaining  information 
from  the  signal.  The  reason  for  considering  only  certain-sized  or  -shaped  pulses  is  to 
improve  target  discrimination.  Electronic  filters  accomplish  this  function.  These  band¬ 
pass  filters  also  improve  the  signul-to-noise  ratio.  However,  the  sensor  design  must  in¬ 
corporate  a  rather  broad  filter,  since  the  signature  frequency  is  a  function  of  vehicle 
velocity. 


The  slope  of  the  signal  is  the  change,  of  its  amplitude  with  time.  It  has  been 
experimentally  shown  that  the  value  of  the  slope  at  a  particular  point  in  space  and  time 
is  related  to  vehicle  location,  Changes  in  the  sign  and  value  of  the  slope  can  be  used  to 
relate  the  position  of  the  vehicle  relative  to  the  sensor.  The  absolute  value  of  the  slope 
is  a  function  of  vehicle  velocity  and  consequently  can  be  confined  to  values  correspond¬ 
ing  to  realizable  vehicular  velocities. 

18.  Range  of  Parameters.  Each  of  the  previous  quantities  is  a  variable  and  can 
have  a  range  of  expected  values  for  a  particular  la, get.  Sensor  detection  probabilities 
are  functions  of  a  vehicle’s  range,  velocity,  sir,e,  orientation  of  the  vehicle  dipole  rela¬ 
tive  to  a  sensor,  and  the  Earth-field  component  at  the  sensor  site.  Another  aspect  of 
sensor  performance  must  consider  environmental  magnetic  noise  (man-made,  atmo¬ 
spheric,  and  geomagnetic)  as  it  affects  the  sensor’s  noise  threshold,  bandpass,  and 
sensitivity. 


A  primary  requirement  of  any  sensing  system  is  a  minimum  threshold  capabil¬ 
ity  which  is  immune  to  environmental  noise.  Of  the  three  environmental  magnetic  noise 
sources  identified  above,  the  geomagnetic  is  the  largest,  with  the  Karth’s  field  Iteing  on 
the  order  of  0.5  oersted.  Also,  a  vehicle  sensor  should  Ik'  insensitive  to  men  or  vehicles 
smaller  than  those  for  which  it  is  targeted.  If  the  dipole  moment  of  a  rifle  is  given  as 
400  rgs  units,  the  field  will  lie  about  0.1  oersted  at  a  distance  of  I  meter  for  an  orienta¬ 
tion  giving  maximum  coupling,  assuming  no  other  dipole  sources  on  a  person.  Another 
threshold  factor  is  that  the  detection  radius  of  the  sensor  relates  to  the  ferromagnetic 
content  of  the  vehicle.  This  means  that  a  ferromagnetic  object  smaller  than  the  vehicle 
(mass  concept)  can  produce  the  same  amplitude  of  signature  at  a  smaller  range. 

It  is  possible  to  perform  the  same  type  of  analysis  for  the  upper,  or  maximum, 
threshold  of  sensor  operation.  If.  for  example,  one  assumes  a  ferromagnetic  object  with 
a  density  and  mass  representative  of  typical  armored  vehicle  material,  a  60-ton  vehicle 
(idealized  as  a  sphere)  would  have  a  dipole  moment  of  about  4  x  1()6  pole-cm.  This 
would  produce  a  field  of  about  1.0  oersted  at  2  meters  from  the  vehicle  for  the  best -ease 
situation.  Therefore,  the  amplitude  of  any  duplication  signature  should  operate  within 
the  upper  and  lower  limits  of  the  magnetic  flux  produced  by  the  dipoles  at  distances 
dictated  by  operational  considerations.  This  situation  is  shown  in  Fig.  14  where  a  hypo¬ 
thetical  vertical  signature  of  a  duplication  device  or  vehicle  is  shown. 


T 2  Tj  T4 

Time 

t  ig.  I  t.  Hypothetical  signature  of  a  vi'hii'lr. 
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Kelurnitig  In  llir  prior  analysis  lor  two  amplitude  extremes  of  a  man  and  a 
tank,  al  I  meter  the  tank  model  would  remit  in  an  approximately  Jl.O-oersled  field 
while  the  man V  field  would  lie  0.1  oersted  A  sensor  thus  could  he  designed  to  reject 
any  flux  amplitude  below  0.6  and  aho\e  H.O  oersted  as  represented  Ity  1,-2  and  I,- 1  re 
s|H‘eti\ely  in  h  i”.  I  1. 

Consider  a  rudimentarv  tv|X‘  of  sensor  which  responds  only  to  a  change  of 
total  flux  level.  A  pood  example  of  this  would  he  a  fuze  employing  a  magnetic  dip 
needle  or  anv  other  mechanism  which  depends  solely  on  a  certain  level  of  signal  ampli¬ 
tude  for  actuation.  Such  a  sensor  would  lie  countermeasure  to  any  susceptible  tech 
iiiqnc  capable  of  providing  a  sufficient  magnetic  field  to  exceed  the  pre-set  threshold  of 
the  transducer  (I,  2  in  Kip.  Id  for  example).  Additionally,  if  an  upper-threshold  capabil¬ 
ity  were  present,  a  duplication  technique  would  have  to  exercise  caution  so  as  nut  to 
exceed  a  certain  amplitude  level  and  he  rejected  as  a  false  larpet  by  the  sensor.  Sm  li  a 
transducer  would  he  v  ulnerable  not  only  to  duplication  devices  passing  over  it  hut  also 
to  side-pass  situations.  This  arises  because  the  latter  also  peneralcs  a  sinusoidal  sipnal. 

An  exception  would  lie  the  ease  where  a  inapiictic  sensor  is  used  in  conjunc¬ 
tion  with  other  midhods  of  tarpcl  acquisition  such  as  seismic  and  acoustic  detection. 

In  these  situations,  the  mupuetic  sensor  usually  functions  as  a  range-gating  device-  Ic’inp 
part  of  the  decision  circuitry  which  only  fires  a  warhead  when  the  larpet  is  within  muni¬ 
tion  ranpe.  K.ven  then,  however,  a  mapnetie  duplication  dev  ice  would  cause  erroneous 
larpet  ranpe  values  ami  hopefully  lead  to  a  premature  mine  detonation. 

19.  Optimum  Thresholds.  It  i-  apparent  that  upper  and  lower  threshold  require¬ 
ments  limit  the  total  ranpe  of  flux  amplitudes  to  which  a  sensor  can  respond  adequately. 
A  limit  that  is  set  too  low  can  result  in  a  multitude  of  premature  nr  random  firiups  due 
to  mapnetie  noise.  Amplitude  values  set  loo  hipli  could  cause  a  sensor  to  nev er  recog¬ 
nize  a  valid  larpet.  \  m  imiapiielic  constrain!  on  any  munition  would  lie  the  ranpe  of 
its  warhead,  With  the  continuing  and  increasing  employment  of  Mi/.nay-Si  liardin-type 
warheads  in  present  and  probably  future  mines,  a  definite  range  limitation  arises.  There¬ 
fore.  threshold  and  range  constraints  dictate  vehicle  tread  and  belly  restrictions  for  mu¬ 
nitions  and  sensors. 

f  or  close- in  signatures,  the  sensor  can  assume  added  degrees  of  sophistication. 
A  dev  ice  could  contain  both  ail  upper  and  lower  threshold  condition  where  activation 
occurs  al  ter  a  lime  T  j  .  and  if  a  preset  time  T|||j|x  were  exceeded  would  reject  a  signa¬ 
ture  as  false.  In  addition,  one  must  now  consider  certain  signal  features  such  as  the 
slope  of  the  signal  with  respect  to  distance  and/or  time,  the  bandwidth  of  the  amplitude 
versus  the  bandpass  of  the  sensor,  and  any  unique  signal  features  a  sensor  could  key  on 
for  a  vehicle  nr  class  of  vehicle-. 


Fig.  15.  Siprnal  amplitude  vs  time. 


A  hypothetical  situation  is  shown  in  Fig.  15  where  a  signal  amplitude  (vertical 
or  horizontal)  is  plotted  versus  lime.  One  of  many  potential  methods  to  process  this 
kind  of  signal  would  he  a  simple  amplitude-histogram  method.  Here  the  signal  is  divid¬ 
ed  into  a  series  of  time  and  amplitude  cells  into  which  target  features  fall,  and  hy  exam¬ 
ining  their  content  a  firing  decision  is  made.  Another  facet  is  that  the  slope  of  the  signal 
curve  is  dependent  on  the  vehicle's  velocity  (flux-rate  sensors).  The  velocity  has  a  finite 
limit:  usually  the  velocity  ot  a  typical  armored  vehicle  in  a  combat  environment  ranges 
from  0  to  40  rnpli.  Another  limiting  assumption  can  he  made  in  that  minefield  clearing 
operations  would  prohahly  restrict  a  vehicle  to  a  velocity  in  the  2  In  5  rn/see  range  (10 
rnpli  maximum).  The  slope  is  additionally  influenced  hy  the  r"x  influences  coming  into 

dominance  at  very  close  ranges.  For  the  r  >  .'IS  condition.  II  -  ,  where  the  dipole 

terms  have  been  incorporated  in  the  constant  A.  Taking  the  time  derivative  and  setting 
up  u  ratio  gives: 


H  -4v_ 

II  r 

where  II  ~  ,  and  \  is  the  velocity. 

<lt 

It  fine  assumes  r  2  and  r  1  dependences,  the  same  procedure  gives  ratios  of 

_2\  -  \ 

~  7  h»r  these  respectively.  This  again  shows  that  the  slope  of  the  signature  is  eon 

staidly  changing  and  is  also  a  function  of  vehicle  velocity.  In  reality,  the  slope  is  more 


rumple  <  than  this  because  actual  data  show  the  exist*  nee  ut'  a  nuiltiplieity  nf  dipole 
sources  within  vehicles. 


The  duplication  effort  must  consider  all  of  the  features  discussed  above.  The 
velocity  restriction  of  the  vehicle  would  definitely  characterize  a  general  slope,  while 
the  slope  changes  from  the  dipole  effects  would  also  occur  in  a  duplicating  device*  whe¬ 
ther  mechanical  or  electrical.  The  exact  slope  change  could  not  Ik*  duplicated  since  the 
dipole  distributions  could  not  be  matched  exactly. 

Referring  to  Rig.  !  5,  it  is  apparent  that  a  sensor  could  he  configured  to  trigger 
at  any  point  along  the  curve.  If  an  amplitude-histogram  method  is  used,  then  any  dupli¬ 
cation  device  must  follow  the  general  slope*  of  an  actual  object,  because  the  amplitude/ 
time  cells  AT, ,  AT2,  AT3,  .  ,  must  add  up  to  certain  preset  values.  If  a  slope  method  is 
used,  a  decision  must  be  made  by  the  fuze  designer  whether  to  trigger  on  negative,  posi¬ 
tive,  or  zero  slope  and  after  which  peak  on  the  curve.  It  seems  logical  that  a  firing  point 
on  the  downward  side  of  the  curve  or  a  zero-slope  point  would  he  chosen.  Existing  data 
indicate  that  the  first  peak  roughly  represents  the  leading  edge  of  the  vehicle,  so  that  for 
hclly  targeting,  the  downward  slope  or  any  subsequent  valley  or  peak  would  place  the 
explosive  charge  somewhere  under  the  vehicle.  From  the  countermeasure  viewpoint  it 
is,  therefore,  important  to  assure  that  any  device  attached  to  a  vehicle  is  situated  so  that 
the  downward  or  zero  slopes  (A,  R.  (!  of  Fig.  15)  of  the  signal  occur  at  a  location  on  the 
vehicle,  or  device  which  could  survive  a  mine  detonation.  In  the  case  of  mechanical  sys¬ 
tems,  this  would  require  a  device  ut  a  distance  in  front  of  the  vehicle  which  takes  the  ve¬ 
hicle  speed  and  mine  actuation  delay  into  account. 

20.  Signature  Simulation  Methods.  A  variety  of  methods  are  available  to  produce 
and  control  magnetic  fields  in  order  to  siniulat  ■  signatures.  Of  these,  three  concepts  ap¬ 
pear  to  be  basic: 

a.  Hulk  Ferromagnetic  Mass 

h.  Permanent  Magnetic  Material 

e,  Electromagnetic  (-oils 


Prior  discussion  lias  already  considered  the  production  of  magnetic  dipoles  by 
ferromagnetic  and  pure  magnetic  materials.  The  difference  between  llu*  two  is  that  the 
amount  of  mass  or  volume  required  for  the  bulk  concept  is  considerably  greater  than 
thaM'or  pormunent  magnets.  The  magnetic  moment  of  ferromagnetic  material  is  given 
by  M  =  kIIV.  where  K  is  the  magnetic  susceptibility.  11  is  the  ambient  field,  and  V  is  the 
volume  of  llu*  material.  The  expression  shows  that  largramounts  of  material  are  need¬ 
ed  lo  produce  a  large  magnetic  moment,  because  k  and  II  are  fixed  quantities.  The  mag¬ 
netic  susceptibility  k  is  dcpendcnlHiii  the  geometry  of  the  material  because  it  contains 
the  de-magnetizing  factor,  while  II  is  the  gcomugnetic  field  strength.  A  gcncrul  guideline 


llial  ha-  hern  cxficrimriilallv  dcvchqicd  juio  a  value  fur  M  of  approximate!  v  4  \  I  (I1’ 
units  per  Ion  of  ferromagnetic  material,  lor  an  ideal  situation  where  the  field  is  mea¬ 
sured  on  the  dipole  axis,  the  field  at  an  arbitrary  distance  of  2  meters  would  he  O.o 
oersted.  This  points  out  that  a  relatively  large  amount  of  material  is  needed  to  produce 
a  field  roughly  equivalent  to  the  geomagnetic  field. 


Permanent  magnets  produee  a  magnetic  dipole  field  whieh  depends  on  the 
dislanee  and  orientation  with  respect  to  the  dipole.  The  flux  density  of  the  magnet  on 
its  axis  can  lie  expressed  hy  the  equation: 


II 


2(  m)r 


where  in  is  the  dipole  moment,  r  isjhe  distance  to  the  point  of  measurement,  and  I.  is 
the  magnet  length.  Field  strength  II  is  given  in  units  of  gauss  or  oersted,  since  they  are 
equivalent  in  a  noniiiagnelie  medium  such  as  air.  The  magnitude  of  the  dipole  moment 
m  is  a  function  of  the  magnetization  and  volume  of  the  material  used.  1 1  run  he  shown 
that  I  he  volume  of  material  required  to  produce  a  specified  flux  density  is  proportional 
to  tin'  flux  density  squared.  The  quality  of  j  magnet  is  judged  hy  the  amount  of  volume 
required  to  produce  a  certain  flux  density  and  is  smallest  for  those  materials  having  the 
greatest  (IMI)m.tJ.  value.  The  product  is  a  measure  of  a  magnet’s  quality  and  is  called  its 
energy  product,  This  expression  reduces  to  the  regular  dipole  equation  lor  rJ5  UK  and 
for  any  off-axis  situations. 


A:  an  illustration,  relatively  high  flux  densities  can  he  obtained  by  using  such 
materials  as  Alnieo  !),  which  has  a  residual  induction  of  slightly  less  than  1 ,2  x  1 04  gauss 
for  a  rod  having  a  length-lo-diumeler  ratio  of  8.0.  The  I, /I)  ratio  merely  serves  to  reduce 
the  effective  field  available,  i.e..  the  ratio  is  inversely  proportional  to  the  demagnetizing 
field  for  a  certain  material  configuration.  The  roil  would  produee  a  magnetic  field  of 
about  2o0  oersteds  at  the  pole  faces  of  the  magnet  which  of  course  would  decrease  cub- 
icully  away  from  it. 

Electromagnetic  coils  are  not  limited  hy  any  material  consideration  as  are  per¬ 
manent  magnets  hut  can  operate  at  any  flux  density  within  the  limits  of  parameters 
such  as  space,  weight,  and  available  power,  Any  current-carrying  wire  bus  circulating 
charge  and  therefore  can  he  classed  as  a  magnetic  dipole.  Its  dipole  moment  may  he 
calculated;  the  field  equation'-  for  distances  greater  than  three  times  the  largest  dimen¬ 
sions  of  the  coil  become  identical  to  those  for  a  magnetized  bar.  The  magnetic  field  due 
to  ai>y  current-carrying  wire  may  he  calculated  by  the  Biol-Suvart  l,aw.  Such  calculations 
are  straightforward  for  simple  arrangements  such  as  long,  straight  conductors. 
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For  example,  the  flux  density  H  of  ci  flat  circular  coil  for  an  un-axis  situation 
is  gi\ cn  by: 


.1  nl 

2  4  (l2  )3^2 


where  n  is  I  lie  mmibcr  of  turns  on  a  coil.  I  is  I  lie  coil  current  in  amperes,  A  is  its  effective 
area  (equal  to  -  |  r{  +  r  j  +  r(  r2  |  where  r,  and  r2  are  the  inner  and  outer  coil  radii),  r  is 

its  effective  squared  radius  (r2  '  l/tf  A  ff)  and  d  is  the  distance  from  the  coil  alone  the 
axis.  Not«'  that  the  equation  reduces  to  a  regular  dipole  expression  for  d  r  and  that 
the  dipole  moment  of  the  coil  is  equivalent  to  the  numerator  of  the  fraction. 

21.  Comparison  of  Methods.  Each  id'  the  three  general  categories  of  magnetic 
countermeasures  has  certain  advantages  and  disadvantages.  The  ferromagnetic  mass,  or 
hulk,  concept  distorts  the  geomagnetic  field  and  will  generally  produce  a  vertical  com¬ 
ponent  similar  to  that  produced  hy  a  vehicle.  The  amplitude  of  the  signal  will  of  course 
depend  oil  the  density  and  amount  of  ferromagnetic  material  present.  A  distinct  advant¬ 
age  of  this  melhe  1  is  that  such  a  device  would  lx*  passive  and  have  no  electrical  power 
requirements.  The  total  mass  required  to  produce  a  given  II  amplitude  would  he  a  high 
percentage  of  a  vehicle's  mass.  The  bandpass  requirements  of  any  potential  sensor  must 
also  he  considered  here  lieeausc.  although  a  hulk  device  may  meet  the  amplitude  specifi¬ 
cation.  any  significant  deviation  in  amplitude-curve  structure  (wrong  bandwidth)  would 
probably  cause  a  moderately  sophisticated  sensor  to  reject  the  device  as  a  false  target. 
Also,  the  large  amount  of  mass  required  to  fully  duplicate  a  vehicle  would  make  the  <)>•. 
vice  vulnerable  to  blast  damage. 

Permanent  magnets  offer  essentially  the  same  advantages  of  hulk  devices. 

There  would  be  no  electrical  power  requirements.  Again,  a  magnet  or  series  of  magnets 
would  have  to  meet  basic  vehicle  requirements  for  amplitude  and  bandwidth.  The  big 
advantage  of  this  concept  over  the  previous  one  is  that  much  less  mass  would  he  required 
to  generate  a  given  magnetic  field.  The  field  orientation,  amplitude,  and  shape  could  he 
carefully  controlled  and  specified  hy  judicious  design.  Current  magnetic  materials  are 
essentially  immune  to  temperature,  shock,  and  vibration  effects  and  thus  appear  to  have 
an  indefinite  operating  life  in  a  field  environment.  It  must  be  considered,  however,  that 
since  the  dipole  field  has  a  negative -cubic  dependence,  the  strength  (dipole  moment)  or 
size  of  any  magnet  must  he  large  to  duplicate  the  vehicle  over  the  area  required. 

The  electromagnetic  coil  is  not  a  passive  device  and  requires  electrical  power, 
This  is  not  wholly  disadvantageous,  since  it  provides  u  precise  means  for  controlling  the 
field— an  option  not  available  with  other  methods.  Coils  can  he  mounted  in  a  manner 
similar  to  permanent  magnets,  (lne  approach  could  he  to  place  the  coil  or  combination 
of  coils  in  front  of  the  vehicle.  The  design  must  lie  such  as  to  produce  the  desired  field 


over  the  areas  Ihmm^  dcfenscd.  In  any  practical  approach.  (he  combined  cITcd*  of  vehi¬ 
cle  and  coil  must  lie  considered. 

The  use  of  pulsed  electromagnetic  coils  ran  result  in  a  reduction  of  power  re¬ 
quired  to  produce  u  ‘riven  field.  The  magnetic  pulses  can  Is'  controlled  to  generate  the 
variety  of  pulse  amplitudes  and  shapes  required  for  signature  duplication.  For  example, 
pulse  rales  cannot  he  loo  rapid,  since  a  sensor  will  have  a  certain  bandpass,  ('.(inversely, 
the  rate  must  not  he  too  slow  or  mine  actuation  may  occur  too  late. 

Another  advantage  ol  a  pidsed-eoil  system  would  he  to  neutralize  sensors  with 
a  “count'  leature.  where  certain  pre  determined  waveforms  would  simulate  the  passage 
of  a  mi m hi  r  of  vehicles.  Once  the  maximum  count  of  a  particular  fuze  is  determined, 
this  method  could  simulate  the  required  number  of  vehicle  passes  to  cause  detonation 
of  mines. 


VI.  CONCLUSIONS 

22.  Conclusions.  Depending  upon  the  degree  of  sensor  complexity  and  counter 
measures  selected,  magnetic  signature  duplication  appears  possible  and  offers  a  viable 
means  to  defeat  magnetic  sensor  mines.  It  has  been  found  that  these  sensors  are  con¬ 
strained  by  certain  physical  limitations  imposed  hv  signal  threshold,  bandpass  require¬ 
ments,  target  range,  and  mass.  These  constraints  serve  to  bracket  the  variables  and  de¬ 
fine  duplication  efforts  by  providing  for  a  means  to  produce  a  magnetic  signal  tailing 
within  these  limits.  Another  factor  is  that  the  basic  magnetic  similarity  of  ferromagnetic 
vehicles  further  limits  sensor  targeting  and  may  permit  the  duplication  method  to  be  the 
same  for  most  vehicles.  However,  added  degrees  of  sensor  sophistication,  such  us  possi¬ 
ble  future  use  of  multiple-axis  transducers,  will  require  additional  responses  from  coun¬ 
termeasures  to  licet  those  problems. 

The  investigation  has  considered  three  fundamental  methods  for  signature 
duplication:  bulk  ferromagnetic  material,  permanent  magnets,  and  electromagnet  :c  coils. 
Fach  has  merit  when  considered  in  a  particular  situation  and  application.  The  bulk 
method  eould  provide  the  required  signal:  hut,  due  to  its  large  size,  would  adversely  af¬ 
fect  the  mobility  of  any  vehicle  transporting  it.  The  use  of  permanent  magnets  offers  a 
good  solution  in  that  a  large  numlier  of  desired  amplitude  and  spatial  configurations  of 
magnetic  flux  could  he  achieved  by  proper  design.  The  method  has  a  disadvantage  be¬ 
cause  material  and  mechanical  attachments  required  on  the  front  of  the  vehicle  could 
pose  a  mobility  problem.  Vulneral  lity  to  shock  and  warhead  blast  would  also  require 
study.  Additionally,  once  a  particular  magnet  configuration  were  adoptci  and  mass- 
prodt  ed,  it  would  not  he  easy  to  alter  if  found  to  he  marginally  effective  against  new 
or  modified  munitions, 
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Electromagnetic  coils  seem  to  offer  the  most  versatile  method  for  duplication. 
The  magnetic  signal  amplitudes  required  can  he  achieved  by  coils  of  reasonable  dimen¬ 
sion  and  weight  relative  to  an  armored  vehicle.  The  coils  can  produce  virtually  unlimited 
types  of  waveforms  and  signal  shapes.  This  is  possible  because  modulation  of  the  mag¬ 
netic  flux  would  only  involve  altering  the  current  and  voltage  to  the  device.  Thus,  this 
method  can  be  designed  to  meet  the  problems  posed  by  present  and  future  magnetic 
sensors  as  well  as  to  offer  good  versatility  and  moderate  size  constraints. 
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